Five yeast strains were isolated by enrichment culture on the basis of their ability to grow on mandelate and two of these strains were identified as Rhodotorula glutinis. In addition, a range of yeasts from culture collections was screened for growth on mandelate. The results suggest that mandelate utilization is a widespread but not universal characteristic within the genus Rhodotorula. Several of the yeasts contained an inducible NAD-dependent 
Introduction
A wide range of bacteria can use mandelate for growth and the first metabolic step is generally a stereospecific dehydrogenation (Fewson, 1988) . There seem to be several different types of mandelate dehydrogenases, depending on the enantiomer that is oxidized and on the organism (Fewson, 1992) . The gene encoding L( +)-mandelate dehydrogenase in Pseudomonas putida has been sequenced and the enzyme has regions of sequence similarity to the FMN-containing enzyme glycolate oxidase from spinach and to the FMN-domain of yeast flavocytochrome b, L( + )-lactate dehydrogenase (Tsou et al., 1990 (approx. 44000) to the enzyme from P. putida (Hoey et al., 1987) . The L( +)-mandelate dehydrogenase and the L( +)-lactate dehydrogenase from A , calcoaceticus are very similar to each other and to the L(+)-lactate dehydrogenase from Escherichia coli (Hoey et al., 1987) . However, the D( -)-mandelate dehydrogenase from A . calcoaceticus is larger ( M , = approx. 60000) and contains FAD as cofactor (Allison et al., 1985) . Overall, the D( -)-mandelate dehydrogenase and D( -)-lactate dehydrogenase from A . calcoaceticus are similar to each other and to the D(-)-lactate dehydrogenase from E. coli (Allison et al., 1985) . All these mandelate and lactate dehydrogenases are membrane-bound enzymes.
The situation in the yeast Rhodotorula graminis is rather different. The D( -)-mandelate dehydrogenase is a soluble, NAD-dependent enzyme (Baker & Fewson, 1989; Durham, 1984; Durham et al., 1984) which has at least superficial resemblance to the NAD-dependent D( -)-mandelate dehydrogenase from Lactobacillus curvatus (Hummel et al., 1988) and to the NADdependent D( -)-2-hydroxyisocaproate dehydrogenase from Streptococcus faecalis that can use D( -)-mandelate as substrate (Yamazaki & Maeda, 1986) . The L(+)-mandelate dehydrogenase from R. graminis, on the other hand, is a flavocytochrome b, that appears to be very like the L( + )-lactate dehydrogenases from yeasts such as Saccharomyces cerevisiae and Hansenula anomala (Chapman et al., 1991; Yasin & Fewson, 1993) .
The picture that emerges, therefore, is that mandelate dehydrogenases, like lactate dehydrogenases (Garvie, 1980) , are stereospecific enzymes that can be either NAD(P)-dependent or flavoproteins and the latter type may or may not contain haem. The similarity among certain of these dehydrogenases is perhaps not too surprising because their substrates are all 2-hydroxycarboxylic acids, in which the methyl group of lactate is replaced by a benzene ring in mandelate. The overall similarity between lactate and mandelate dehydrogenases, supported by the much more convincing sequence evidence for the relationship between L( +)-mandelate dehydrogenase from P. putida and certain other enzymes (Tsou et al., 1990) , has led to the suggestion that mandelate dehydrogenases probably arose by the duplication and mutation of genes for other 2-hydroxyacid dehydrogenases (Tsou et al., 1990 ; Fewson, 1992) . The similarities within certain sub-groups of these dehydrogenases (e.g. the D-and the L-isomerspecific flavoproteins or the NAD-dependent soluble dehydrogenases) support the notion that they are related evolutionarily. We set out to gain more general evidence for or against this hypothesis by examining mandelate dehydrogenases from a range of organisms. The bulk of work on mandelate metabolism has been done with bacteria, and rather few eukaryotic enzymes were available for study. Although some filamentous fungi can oxidize mandelate, perhaps by co-metabolism, the activities of the mandelate dehydrogenases are extremely low (Jamaluddin et al., 1970; Ramanarayanan & Vaidyanathan, 1973 ; Kishore et al., 1976; Ramakrishna Rao & Vaidyanathan, 1977 ) and we have not been able to study them in detail (A. J. Scott and C . A. Fewson, unpublished observations). The first aim of this work was therefore to obtain a range of fungi, preferably yeasts, that contained mandelate dehydrogenases with sufficiently high activity that they could be studied further. The second aim was to compare a range of bacterial and yeast lactate and mandelate dehydrogenases by two complementary approaches : immunological cross-reactions and N-terminal amino acid sequencing.
Methods
Maintenance, growth and harvesting of micro-organisms and preparation of extracts. Strains of Acinetobacter calcoaceticus and Pseudomonas putida were as listed in Fewson et al. (1988) Samples (approx. 1 g) for enrichment of mandelate-utilizing yeasts were suspended in sterile distilled water (10 ml), mixed and transferred to 50 ml yeast nitrogen base (Difco) containing 5 mM-DL-mandelate and 100 pg chloramphenicol ml-'. Samples that showed growth were serially transferred in the same medium and plated on nitrogen base/mandelate/chloramphenicol agar plates and incubated at 23 "C. Representative colonies were selected and inoculated into fresh selective media and onto Sabouraud-glucose agar, and grown at 23 "C. Two isolates (DB2 and DB3, isolated from rabbit faeces and garden compost, respectively) were pink budding yeasts that grew on solid media as smooth, shining, circular, raised colonies. Isolates DB2 and DB3 have been identified as strains of Rhodotorula glutinis at the NCYC where they have been deposited as strains NCYC 2439 and NCYC 2440, respectively. A third yeast (DB11, isolated from sheep faeces) was indistinguishable from the first two except by its darker colour. Two other isolates (DB10 from sheep faeces and DB18 from deer faeces) were both white/cream in colour and grew on solid media as smooth, shining, raised colonies.
Micro-organisms were generally maintained as described previously (Allison et al., 1985; Baker & Fewson, 1989) and they were grown and harvested by conventional methods. Extracts were prepared by disruption with an ultrasonic probe or by passage through a French press (Baker & Fewson, 1989) . Experiments with the dye-linked (i.e. flavoprotein) dehydrogenases generally used extracts prepared in buffers containing 0.5 mg Triton X-100 ml-'.
Preparation and assay of enzymes. NAD-dependent D( -)-mandelate dehydrogenase and dye-dependent L( +)-mandelate dehydrogenase from R. graminis KGX 39 were prepared by the methods of Baker & Fewson (1989) and Yasin & Fewson (1993) , respectively. L(+)-
delate dehydrogenase and D( -)-lactate dehydrogenase were purified from A. calcoaceticus strain C1219 by the methods of Hoey et al. (1987) , Allison et al. (1985) and Allison & Fewson (1986) . L(+)-Mandelate dehydrogenase was purified from P. putida NCIB 9474 by a similar method to that used for the equivalent enzyme from A . calcoaceticus (Hoey et al., 1987) . L( +)-Lactate dehydrogenase from Saccharomyces cerevisiae was obtained from Sigma. A crude extract of Lactobacillus curvatus DSM 20 019 was kindly provided by Professor W. Hummel, Institute for Enzyme Technology, University of Diisseldorf, Germany.
Enzyme activities were measured as described previously (Baker & Fewson, 1989; Yasin & Fewson, 1993) except that in the experiments described in Table 1 , bovine serum albumin and N-methylphenazonium methosulphate were omitted from the reaction mixture used to assay
N-Terminal sequence analysis. D-( -)-Mandelate dehydrogenase from R. graminis was sequenced directly after purification and the other enzymes were separated on SDS-polyacrylamide gels, and then visualized by light staining with Coomassie Brilliant Blue and removed from the gels by the electroelution-electrodialysis method (Wilson & Yuan, 1989) . The N-terminal sequences were determined by automated solid-phase Edman degradation as described previously (Chalmers et al., 1991) . from A . calcoaceticus were those obtained in previous work (Fewson et al., 1988; Hoey & Fewson, 1990 ) and antisera against L( +)-mandelate dehydrogenase and D( -)-mandelate dehydrogenase from R. graminis KGX 39 were prepared using similar techniques. Immunoinhibition and immunoblotting experiments were done as described previously Chalmers et al., 1991) .
Results and Discussion

Growth of yeasts on ownandelate
Of the 34 yeast strains tested, which represented at least 28 species and 17 different genera, 11 could grow on DLmandelate. Of these, eight were strains of Rhodotorula and although the other three were of unknown identity, one of them (DB11) was pink in colour and is probably a member of this genus. growth. Nevertheless, mandelate utilization is not a very widespread characteristic of yeasts. It seems likely that the ability to utilize mandelate is a common but not universal trait of the genus Rhodotorula; however, as with bacteria such as A . calcoaceticus and P. putida, it is a strain-specific rather than a species-specific characteristic (Fewson, 1988) .
Man dela t e de h y dr ogen ase ac t iv it ies in yeasts
Mandelate dehydrogenase activity was found in seven of the 11 yeasts that could grow on mandelate (Table 1) but was not detected in isolates DB10, DBl 1, DB18 or R. rubra NCYC 758, all strains that grew rather slowly. All of the seven strains had a dye-linked L( +)-mandelate dehydrogenase. NAD+-dependent D( -)-mandelate dehydrogenase activity was found in R. graminis strains KGX 39 and NCYC 980 and in R. glutinis strains NCYC 2439 and 2440, and could be measured by the oxidation of D(-)-mandelate with NAD+ as well as by the reduction of phenylglyoxylate by NADH. However, in R. graminis NCYC 1401 only the reduction of phenylglyoxylate could be measured, presumably because the low specific activity of D( -)-mandelate dehydrogenase could be detected only using the more sensitive reverse assay (Baker & Fewson, 1989) . A previously unreported NADPH-dependent phenylglyoxylate reductase activity was found in three strains; however, the specific activity was low and the enantiomeric form of the product was not determined. None of the strains contained detectable
dehydrogenase or dye-linked D( -)-mandelate dehydrogenase. The inability to detect mandelate dehydrogenase activity of any sort in R . rubra NCYC 758 or in isolates DB10, DB11 or DB 18 may be because the enzymes are present but at very low levels, or because we were not using the optimum conditions to measure them; alterna- tively, mandelate metabolism in these strains may not be initiated by dehydrogenation.
mandelate dehydrogenase of R. graminis KGX 39 all showed substantial inhibition when they were incubated with the native enzymes which had been used as antigens.
Immunological cross-reactivities
There was no inhibition by pre-immune sera. The only cross-reactions were those between antisera raised The sera prepared by immunization of rabbits with the dye-linked D( -)-mandelate dehydrogenase of A . calcoaceticus, the dye-linked L( +)-mandelate dehydrogenase of R. graminis KGX 39 and the NAD-dependent D( -)-against the two yeast enzymes and the analogous native enzymes from the other yeasts that had sufficient enzyme activity to be tested (Table 2 ). In addition, serum from rabbit 1154 (but not that from rabbit 1153) immunized (Fig. 2 ). There appears to be a rule of thumb that immunological cross-reactions are detectable between native antigens that have greater than about 60% sequence identity and between denatured antigens that have greater than about 40 YO sequence identity (see references in Chalmers et al., 1991) . If this holds for these lactate and mandelate dehydrogenases, then it would seem from the strong cross-reactions in both immunoinhibition experiments ( Table 2 ; presumably chiefly testing native configurations) and immunoblots ( Fig. 1 (Fig. 2) suggest that these two pairs of enzymes have some sequence identity, a result which is consistent with their N-terminal amino acid sequences (described below).
In other experiments (results not shown) we failed to find any reaction of the antiserum against D(-)-mandelate dehydrogenase from R. graminis KGX 39 with either the D( -)-mandelate dehydrogenase from L. curvatus or the D( -)-2-hydroxyisocaproate dehydrogenase from Strep. faecalis; however, this does not necessarily mean that these enzymes are not homologous, but it may simply reflect the taxonomic remoteness of the organisms resulting in insufficient sequence identity to be detected by immunological methods even if the enzymes are derived from common ancestors. Tsou et al. (1990) discovered that L( +)-mandelate dehydrogenase from P. putida has extensive positional identity with the FMN-containing enzyme glycolate oxidase and with the FMN-containing domain of L( +)-lactate dehydrogenase from Sacc. cerevisiae, which in turn is homologous with the equivalent domain from the L ( + )-lactate dehydrogenase from H. anomala (Chapman et al., 1991) . From the present work (Fig. 3) it is clear that the L( +)-mandelate dehydrogenases from A . calcoaceticus and P. putida are homologous with each other (5) and L( +)-lactate dehydrogenase (6) from A . calcoaceticus were determined in the present study. In addition, the N-terminal sequence of L( +)-mandelate dehydrogenase from P. putida (4) was determined and it was found to be identical with that deduced from the DNA sequence (Tsou et al., 1990) except that alanine was found in good yield at position 15 rather than arginine as in the deduced sequence. The sequences for the other three enzymes are taken from the literature: L( +)-lactate dehydrogenase of Sacc. cereuisiae (1) (Guiard, 1985; Lederer, 1985) ; L( +)-lactate dehydrogenase of H . anomalu (2) (Black et ul., 1989) ; and glycolate oxidase from spinach (3) (Volokita & Somerville, 1987; Cederlund et al., 1988) . The numbering of the yeast lactate dehydrogenases is based on the mature protein sequences after removal of the pre-sequences. (3) from A . calcoaceticus were determined in the present study and that for D( -)-lactate dehydrogenase from E. coli (1) was deduced from the DNA sequence (Campbell et al., 1984; Rule et al., 1985) .
N-Terminal amino acid sequences
(i) Dye-linked L( + )-lactate and L( + )-mandelate dehydro- genases116-L 108-K 1 1 1 1 I _ _ Common A L Y
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(62% positional identity for the 50 residues at their Ntermini) and with the L( + )-lactate dehydrogenase from
A . calcoaceticus, another FMN-containing enzyme of similar M , (Allison & Fewson, 1986; Hoey et al., 1987) .
( (Fig. 4) . All three enzymes contain FAD and have a similar MI. (Allison et al., 1985) . Perhaps surprisingly, the two lactate dehydrogenases are not very similar over the sequences examined and it is unfortunate that repeated attempts failed to extend the sequence of the enzyme from A . calcoaceticus. (Lerch et aE., 1989; Taguchi & Ohta, 1991) .
Conclusions
When account is taken of the results in the present paper and related work, it can be concluded that: 1. The ability to utilize mandelate is quite common in yeasts of the genus Rhodotorula. At least four independently-isolated strains possess NAD-linked D( -)-mandelate dehydrogenases that are probably homologous with each other. They also possess NAD(P)- ( 1 990 4. Much more work needs to be done to determine whether the bacterial and yeast enzymes with NADlinked D( -)-mandelate dehydrogenase activity are related to each other.
5. The classification of lactate and mandelate dehydrogenases that was proposed previously (Fewson, 1992) can now be revised and extended (Table 3 ) and it has obvious evolutionary implications. This categorization could be refined if enzymes from an even wider range of organisms were to be examined and it introduces the possibility that certain classes of enzyme remain to be 6. The suggestion that mandelate dehydrogenases evolved by recruitment of duplicated genes for 2-hydroxyacid dehydrogenases (Tsou et al., 1990 ) is strengthened, as is the view that such evolution occurred on several independent occasions in different organisms and that it exploited the various 2-hydroxyacid dehydrogenases that happened to be available (Fewson, 1992) . 
